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TECHNICAL MEMORANDUM 


SAMPLE STREAM DISTORTION MODELED IN 
CONTINUOUS-FLOW ELECTROPHORESIS 

I. INTRODUCTION 


In 1976, S. Ostraoh [1] developed a theory characterizing 
buoyancy-induced disturbances in an electrophoresis type flow chamber. 
His theory was based on the deformation of the parabolic flow profile in 
the narrow dimension of the chamber into a W-shaped profile. This 
phemonenon, which he showed to exist only in a downward flowing sys- 
tem, is induced by upward directed buoyancy flows. His solution to 
the problem of buoyancy-induced disturbances was hen, obviously, to 
flow the chamber upward and inject the sample at the bottom of the 
chamber. In 1977 Semon [2] at General Electric tried the upward flowing 
scheme in a 5 mm thick chamber. His results failed to confirm Ostrach's 
theory in that the test results showed significant deformations at power 
levels an order of magnitude below Ostrach's predictions. In 1978 D. A. 
Seville [3] theoretically investigated buoyanoy-induced flows in an elec- 
trophoresis type chamber. Saville gave several theories for the observed 
disturbances, among them Ostracli's, but could not resolve the discrep- 
ancy between Ostrach's theory and the General Electric experimental 
results. 

It was this discrepancy between theory and experiment which 
served as the impetus for this effort, which has been done in concert 
with theoretical v.»ork underway by D. A. Saville and S. Ostrach. The 
experimental data were therefore generated for comparison to the work 
of Saville and Ostrach. 


'I. EXPERIMENTAL PROCEDURE 


During the preceding 9 months, tests have been performed to 
investigate the effect of buoyancy-driven convective disturbances on flow 
in a 5 mm thick electrophoresis-type chamber. The many tests conducted 
(over 150) have allowed some preliminary deductions to be made concern- 
ing the various flows observed. The initially uniform flows are observed 
to be progressively deformed as a result of uneven heating of the buffer 
medium. Streams of particles injected into the flow are deflected and 
deformed as the power levels are increased until a state is reached where 
the sample streams no longer flow coherently through the chamber. 


These observations have led to an explanation of buoyancy-induced dis- 
turbances in an electrophoresis-type chamber which has been supported, 
in part, by theoretical analysis. While the detailed delineation of the 
flow and temperature fields might change some of the analysis given 
below , it is believed that these preliminary observations should be dlo 
seminated for review and discussion. 

The tests made to date were carried out in two phases. Phase I 
utilized flow visualizatiou in the chamber together with external measure- 
ments of inlet buffer temperature, inlet cooling temperature, and buffer 
flow rate to characterize the observed flow disturbances. In phase II 
only one buffer flow rate was investigated; however, the flow charac- 
terization was augmented by temperature measurements in the chamber 
during each run. Many of the phenomena observed in phase I can be 
explained through the results of phase II, as will be shown. 

Figure 1 shows the apparatus used in the phase I experiments. 
Buffer at temperature flows down into the 5 mm thick test chamber 

and is heated by a 400 Hz electrical field applied between two wire elec- 
trodes located at the chamber side walls. The 5 mm thick chamber was 
used to enhance the observation of the buoyancy-induced disturbances, 
while the ac electric field was used to eliminate any electrokinetic effects. 
Coolant entering at temperature flows up and dissipates heat from the 

front and rear chamber walls. Channels have been milled into the 
chamber side walls to allow coolant to flow up adjacent to the chamber 
side walls to control lateral temperature gradients. A tracer sample 
(latex) material is injected at various points to observe the flows taking 
place . 


Each test consisted of increasing input power until the flow is 
disrupted. Here, disruption implies that a sample stream can no longer 
be followed through the chamber. The following conditions were main- 
tained constant during each test: 

a) The inlet buffer temperature Tj (buffer entered the chamber 
at the top from the reservoir situated above the chamber). 

b) The inlet coolant temperature T2 (buffer entered the coolant 
passages of the bottom of the chan'ber). 

c) The buffer and sample flow rate into the chamber. 

A nominal equilibration time of 30 min was observed througliout the test 
runs until the onset of sanple stream disintegration, at vdiich time the 
test was tenninated. 
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lal EQUIPMENT SET UP 


CHAMBER DIMENSIONS: 

WIDTH - 5 05 cm 
ELECTRODE LENGTH - 18 1 cm 
LENGTH - 27 cm 
THICKNESS - 5 mm 
BUFrERini , -^PANSVERSE 


2 LATFRA' 


ELECTRODE 

LEFTSIDE 

WALL 



y ELECTRODE 
RIGHT SIDE 
WALL 


BUFFER OUT 


(b) CHAMBER SCHEMATIC 


1 BUFFER RESERVOIR 

2 FLOW CHAMBER 

3 BACK LIGHT 

4 SYRINGE PUMP 

5. COOLER RESERVOIR 

6 TEMPERATURE RECORDER 

7 VOLTMETER 

8 POWER SUPPLY 
9. WATTMETER 


1. ApiiiiiMliis used in plnisr I expoi-inieiit s . 


REpRODUciBn^nY OF mn 
ORIGINAL PACK IS POOR 



90 degrees about an axis perpendicular to the plane ol the picture. The 
wire electrodes used in the phase I expei’iments were replaced by Oat 
copper electrodes mounted on the inside chamber side walls. The 
methods o!' chamber cooling and a.c. heating remain the same as used in 
phase I. 


III. PHASE I RESULTS 


Phase 1 tests essentially consisted of increasing the power input at 
constant chamber now coiulitions. An initially uniform, stable. How con- 
dition was seen to progressively deteriorate through self-induced per- 
turbations to the state of unstable tlow. The perturbations ch.ir.-icter- 
ized by deflection, meandering, distortion, and ribbon formation of the 
sample stream, were evident before the onset of instability. Tho.se 
phenomena are shown respectively in Figures 3 through 6. While deHcc 
tion, meandering and disloition of the sample stream might be e.xpected. 
n.bbon formation came as a surprise. As internal heating; of the Huid 
takes place, the initially cylindrical sample stream cross section trans- 
forms into a rectangular shap . which appears as a ribbon. The long 
a.xis ol the rectangular cross section is perpendicular to the plane of 
the chamber faces, i.o., oriented in the transverse direction. 




I'igiM’o 3. Typical stream 
deflection. 


Figure 4. Typical si'-eam 
meandering. 


T^EPr.orn-iii ;rv tt'- 

origin -L 1’ p; pni-l.' 



1 a. 1 ypiciil stroani 

distortion. 


I ijiuro f). Typical stream 
ribbon lormalion. 


It is rccoi>nizcd that the preceding; pei turbations would have pro 
chilled ellcctivo electrophoretic separation lon}>- bel'orc the onset oT 
unstable How: however, the limit ol' stability Idrms a reproducible cri- 
terion amenable to mathematical analysis which sets an upjier bound for 
cijhereiit flow in the chamber •mil, as such, is very useful in detormininir 
the orij^in of all How perturbations in the ebamber. 

Figure 7 shows the limit of stability in the How chamber for three 
bufl'er fii)w rates. Note that stability is enhanced liy (a) increasinj; flow 
rate, (b) inci'casinn' a.xial temiierature differince T. and (c) deci‘easin)> 
chamlier temperature liy decreasing the i.'oolant temperature T^. Increas 

ing the liulfer How rate effectively swamp.-, out buoyancy- driven dis- 
turbances. thus contributing to How stability: increasing the a.xial 
tcm|>orature difference ‘T reduces tin probability for the occurrence ol 
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locnl uiistable gradients resulting from nonuniform or ineffective cooling 
of the chamber; and finally, lowering the chamber temperature reduces 
the coefficient of thermsU expansion which effectively reduces coj^vective 
disturbances. 

The effect of lateral temperature gradients is very important, as 
the following sequence of test results indicates. Figure 8 shows a steady 
flow situation with side wall cooling on both sides. Note the flow dis- 
turbance at the termination of the left electrode, which is due to insuf- 
ficient cooling of the left side wall. The perturbation appears centered 
at the electrode termination. The main stream is deflected to the right 
because the flow is necessarily deflected away from the region of retarded 
flow on the left. Figure 9 shows the development of a disturbance 
pattern on the right side 3 min after side wall coolant tiow was stopped 
on that side. The disturbance initially developed at the termination of 
the electixide and moved up - . shown. Note deflection of the main 
stream to the left as a result of the induced flow obstruction. Figure 10 
shows the development of a circulation pattern at the location of the 



Figure 8. Flow with cooling both 
sides (arrow marks electrode 
termination) . 


Figure 9. Flow with cooling 
left side only. 
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rit>ure 1(1. Flow with coolins I*'" only. 

pi'i'vioiisly c)l»sc'fvi'ii (ii.stiirl) :iio(* with tho ai'foi’.ipruiyinji' I'ni’lhi'r (U*n<'/‘tion 
1 ) 1 ' (lu- iii.iin striMin. 11 show^ foosl;ilili>l)im‘nt of tho inili.il I'low 

sitii.iiion 2 miii .il'tor i'osump(u)n of i-oolitiil flow in the ri^ht side w;ill. 
ligurt? 12 shows the flow c-onliguiMt ion t) min nltur ol.impin^i flow on tin’ 
li’l't siii<> w.ill. More iig.iin. the n<’vv vlist\irl>:meo h;i> clovelopo<i into :i 
'•Ireul.il'oM p.ittorn which has cmuscmI the appropriaie main stroiim denect ion . 

The i)roviovisly mentioned ribh’on formation is thou|ilit to ho caused 
hy the transverse temperature gradicni producing upward directed 
huiivaney (lows which blunt the parabolic velocity })ronic of the buffer 
How th i)>ij>li the chamber. The following experiment saggesls th.d 
second. a’y flows in ttu? chamber cross sevrtion cause the oh.scrved ribbon 
twists and deformation. Figure 13 shows an initially siraight t’ibbon 
with a leak provided in the right sample inlet port. This leak should 
cause deflcelion of the stream by inducitig a lateral How in ti»e chamber 
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riy.iro 11 . riow with coolin«v 
both .sido.s. 


riliurc 12. riow with otioliny; 
ri{>ht side only. 


cross .section. I’ijjure 14 shows the stream eonri^juration 2 min alter 
initiation (^f the leak. Note the deflection and twist of the ribbon wliich 
is apparently due to the induced cross flow in tlie chamber. I•■i«•urc 15 
shows the original str;iight ribbon reformed 4 min aftei p'aggii.g the 
leak. 

I.ateral temperature gradients initiate disturbances which subsc 
quently load to circulations.' as preceding results indicate. It wii' be 
shown in the phase II results that adverse axial temperature gradir nts 
can also cause these types of disturbances. 

As the power input to the sysU*m is incrca.scd . the circulations 
are enlarged so that they cover nearly the entire flow region (as Figures 
16 and 17 indicate), subseciuently destroying the stable a.\ial temperature 
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I'ij^urc 13. Flow at initiation 
of leak. 


Fijjiirc 1*1. Flow with loak on 
right side. 


gi’adient and leading to unstable convection, .as shown in Figure 18. 
Indeed, the stable axial gradient apparently must be present to offset 
perturbations such as those produced by lateral gradients. It is 
possible that the lateral temperature gradient is a nia.ximum at the 
termination of the electrode region wluch would explain the origin of the 
circulations discussed above. Some phase II results indicate that this is 
the ca.se; for example, note the zero power temperature field di.scussion 
of case 111 . 


IV. PHASE 1 1 RESULTS 


Phase I described several observed flow perturbations which 
eventually lead to flow disruption. The phase II results will attempt to 
explain some of the observed flow phenomena in terms of the tc^'perature 
field in the chamber. The figures depicting disturbed flows in the 

,F tHB 

POOR 
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Figure 16. Flow at power input 

4.3 W, t = 0. 


Figure 15. Flow without leak 


Figure 18. Flow at power input 

23.3 W. 


Figure 17. Flow at power input 

4.3 W, t = 19 min. 



phase II results will show stream deflections resulting from local velocity 
perturbations to the uniform base flow of the chamber. Some disturb- 
ances are therefore caused by slow flow regions which deflect the flow 
accordingly The disturbances, in some cases, are subsequently trans- 
formed into circulation patterns, i.e., separated flow. The results will 
be presented in terms of three typical flow cases observed in the tests. 


A. Case I - Flow Perturbations as a Function 
of Joule Heating 

Figure 19 shows the phase II chamber configuration and the 
thermistor identification scheme, while Table 1 shows the thermistor 
locations in terms of the coordinate system shown in Figure 2. The 
flow shown is at zero power input with a buffer flow rate of 19 ml /min. 
The five sample streams flow evenly through the chamber. Note, in 
Table 2, the favorable temperature gradients throughout the system, 
depicting a stable flew system. Note that in Figui'e 19 the sample 
streams have also been labeled for easy reference. 

TABLE 1. NOZZLE AND THERMISTOR LOCATIONS 


Thermistor 

Axial 

Distance 

(cm) 

X 

Lateral 

Distance 

(cm) 

z 

1 

4.6 


0.23 

1.12 

2 

9.2 


0.28 

1.12 

3 

13.8 

0.76 

0.28 

1,12 

4 

18.4 

1.02 

0.28 

1.12 

5 

23.1 

1.28 

0.28 

1.12 

6 

12.8 

0.71 

2.1 

8.4 

7 

23.1 

1.28 

- 2.2 

- 8.8 

8 

12.8 

0.71 

- 2.2 

- 8.8 

9 

23.1 

1.28 

2.1 

8.4 

(a) Thermistor locations 


Axial 


Lateral 


Injection 

Distance 


Distance 


Nozzle Label 

(cm) 

X 

(cm) 

z 

"a” 

4.3 

■n 


- 8.0 

" b " 

4.4 



- 4.0 

»»c" 

4.4 

0.24 

n 

0 

" d " 

4.4 

0.24 

1.0 

4.0 

"e” 

4.4 

0.24 

2.0 

8,0 

(b) Nozzle locations 
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All chamber temperatures will be given as in Table 2. The 
sequence for obtaining the temperature is: first, wall temperatures are 

taken sequentially: second, wall and center plane temperatures are taken 
sequentially as each thermistor is moved to the center plane to obtain 
the transverse temperature differences; and, finally, the center plane 
temperatures are taken sequentially. The temperatures are calculated 
according to a calibration curve fit of the output voltages of the 
thermistors. The temperature differences, however, are calculated with 
respect to the voltage differences in order to reduce curve fitting error. 
The above procedure has been verified to be accurate to ±0.05®C. Slight 
discrepancies will be found between the temperatures and the tempera- 
ture differences due to the curve fit error involved and also due to the 
sequential method of taking data which was used. 

Figure 20 shows the flow configuration at a power input of 4.66 W 
and a buffer flow rate of 20 ml /min. Note the deflection of sample 
streams c, d, and e to the right and a and b to the left occurring in 
the vicinity of thermistor 4. The results of phase I would suggest that 
a disturbance is beginning to develop at the top of the chamber and 
near thermistor 4. Table 3 shows the temperature field associated with 
this flow situation. 

Note first the sizable decrease in axial gradient at the top of the 
chamber, ATj^_ 2 « This is the expected unstable end of the chamber. 

Streams b and d are deformed inward, indicating the presence of two 
disturbances on either side of the chamber between thermistors 1 a id 2. 
Note also the adverse axial gradient ATj_^ beginning to develop. Ihis 

correlates with the disturbance in the vicinity of thermistor 4 previously 
mentioned. 

Figure 21 shows the flow configuration at a pov/er input of 6.82 W. 
The disturbances previously observed have increased in size and ribbons 
have been formed with twists. The flow, however deformed, is still 
quite stable. 

Table 4 shows the continual degradation of the stable axial gradient 
at the top of the chamber, i.e,, AT^ g* unstable gradient between 

thermistors 3 and 4 (ATg_^) is also increased, which is in agreement 

with the observed enlarged disturbances. 

Figure 22 shows the flow at a power input of 8.00 W. Note that 
the disturbances on the left side of the chamber have enlarged and 
together confine flow to the right side of the chamber cross section. 
Observe that stream b is breaking up in the region between thermistors 
4 and 7 and clearly shows a circulation pattern beginning to develop. 

Table 5 shows the temperatures present at the termination of the 
run. Note the negative gradients in the vicinity of the observed circu- 
lation patterns and the general approach to zero for gradients at the 
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I’iguro 20. Flow nt power input oT 4.06 W 


CllXMHHK TFMl’FKATURKS AN'O THST PARAMETERS 
FOR FI (111 RE 20 


TABLE 3 


Teinperuluroij 1®C) 


Triiiisvcrso 
Tcniporiii lire 
iJiirorcnco 
1®C) 


Cliiitnbur 

I’lU'imictcT'j 


Cciilor 

IMiiiiu 


I'nsition 


Power: 4.G6 W 

Flow: 20 ml /min 

Re no.: 3.3 
Or no, : 32.3 

Rn no. : 0.6 


1 :;;er:il/Axial 


S(i:tn 

Wull 

Center 

I'liim; 
























Figure 21. Flow :it power input of G.82 W 


TAHLI- 4. C’.llAMHKR TFMIM- R ATURFS ANU TFST FAR AMKTFRS 

FOR FIGURF 21 


rt i pciMiurt-. 


Tr.insvertiC 

Teiiipcniturc 

Differences 

(°C) 


Cli!i;iil)er 

I'liraiiietiTs 


(.outer 

rimio 


Cciilor 
I' lane 


I'OsIlKill 


Power; 6.82 W 
Flow; 20 ml /min 
Re no. : 3. 3 


TT rTY 0^* 

POOR 

OKlGWA'' ‘ ■' 








I FLOW FIELD KHEMATK 
FOn FIOURI » 


Figure Flow at power input of 8.00 W. 


FABLl- 5. CHAMBHR ThMFFKATURKS AND TEST PARAMETERS 

FOR FIGURE 22 


TiMiipcriiluros I't:} 


PunitioM 



Cfiilor 

Wall 

Plane 

21.03 

22.05 

21.13 

22.14 

20.6 

22 

21.09 

22.11 

19.95 

21.56 

20.54 

21.77 

19.73 

20.64 

20.62 

22.05 

19.42 

19.42 


Trunsvorso 
Tempo nilure 
Uirforciioe!* 


l.iitor:il/A.\i;il {“C) 


CcMlcr 
Wall >'laiic 


CIminber 

l^■ll•m!lClo^s 


T 22.6°C 
r, 16.1*>C 
Tj IC.8°C 

Power: 8 W 

Flow; 20 ml /min 
Re no. : 3. 3 

Gr no. ; 48.4 

Rfl no. ; 5.7 
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center plane. Therefore, In this run we have seen a general decline In 
favorable gradients as the disturbance patterns were developed through 
increased heating in the chwber. 

A second run is now described to verify the results shown for 
the previous run. Figure 23 and Table 6 show, respectively, the zero 
power flow configuration and chamber temperatures. Note the large 
stable axial gradients at the top of the chamber and the uniform flow in 
the chamber. 

Figure 24 shows the flow configuration at a power input of 7.70 W. 
Note the deflection of the sample streams to the right, indicating the 
development of disturbances (flow retardations) on the left side of the 
chamber. Also observe the ribbon formations; sample stream b exhibits 
an undeformed ribbon while the ribbon of stream c is twisted. As shown 
in the phase I leak experiments, this condition implies the existence of 
secondary flows in the chamber cross section. Table 7 shov;s the tem- 
peratures present in the chamber. Note the large decline in favorable 
gradient at the top of the chamber when comparer’ to the zero power 
condition . 

Figure 25 shows the flow at a power input of 12.00 W. Two 
deflection patterns can be seen at the top of the chamber, while a third 
and larger disturbance is seen on the left side between thermistors 3 
and 4. The sample streams have also been spread into rather large 
ribbons. Note the elevated power level obtainable for this run as 
compared to a maximum power input of 7.7 W for the first run. This 
is due to the differences in buffer inlet and coolant inlet temperatures 
for the respective runs, which provide a larger stabilizing axial gradient 
for the second run. This is in agreement with the results shown in 
Figure 7. 

Table 8 shows that adverse axial gradients exist in the vicinity of 
the observed disturbances. 

Therefore, while the flow is still stable, large disturbance 
patterns have been developed which transform the initial uniform flow 
into deflected and distorted streams which, nevertheless, are seen to be 
steady state phenomena. Meandering, however, has been observed to 
be a transient phenomena occurring and apparently being initiated by 
the development or decay of the observed disturbance patterns. 

A final run will now be shown in which the disturbance patterns 
lescribed previously occur in a striking fashion due to a smaller imposed 
axial gradient. Figure 26 shows the stable zero power flow configura- 
tion, while Table 9 shows the associated temperatures. 

Note the reduced favorable gradients due to the smaller overall 
axial gradient. Indeed, a slight adverse lateral gradient exists between 
thermistors 3 and 8. 










































































Figure 27 shows two well-develc^jed disturbances in the chantoer which 
ocnbine to route flow through the chasber as shown. The flow sdienatic 
shows the probable circulations preset; indeed, a faint trace of the upper 
left circulation can be seen in the photograph. Again, adverse axial grad- 
ients ai^ar in the r^ions of circulation, as Table 10 shows; also, an 
adverse lateral wall gradient exists in the vicinity of thermistor 3. 

It is interesting to observe that the adverse lateral gradient is in 
the region of circulation, while the stable lateral gradient (to the left of 
3) is in a region of axial flow. The relationship between lateral and 
axial temperature gradients will be discussed further in the following 
case. 


B. Case 1 1 - Effect of Lateral Gradients 

The following series of tests investigated the effect of lateral 
gradients induced by shutoff of the side wall cooling. First, a uniform 
flow situation was initiated at a moderate power level; then one side 
wall flow was shut off, and the results were observed and comparison 
made with the initial flow condition. 

Figure 28 shows the uniform initial flow situation with a power 
input of 5.7 W. The slight deflection of stream b indicates that small 
disturbances might be present. Table 11 shows the temperatures asso- 
ciated with this flow. 

Figure 29 shows two disturbances which developed at the left side 
wall 3.5 min after coolant to that side w£is shut off. These are typical 
of those observed in the phase I tests and appear to initiate at the 
side wall near the termination of the electrode. Table 12 shows the 
associated temperatures. 

Note the increased adverse lateral gradient between thermistors 3 
and 8 and the decrease in stable gradient between 5 and 7, as expected 
ivlth the left side coolant off. It is obvious that these lateral gradients 
initiate the observed disturbances; however, it is not clear why they 
occur at the electrode terminations. The high thermal conductivity of 
the electrode itself could cause high local lateral gradients at the 
electrode terminations. When disturbances occur, there must be an 
interaction between the local axial and lateral gradients due to the con- 
vective process. Tiiis is seen by comparing Table 11 to Table 12 with 
respect to the axial and lateral gradients. This relationship is, however, 
shown much more c‘lctir>otly in the following case of zero power runs. 
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l ilfure 28. I low with liolli side w.ills cooled, 5.70 W. 
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Fi^re 29. Flo.;’ with left cooling shut off, 5.70 W. 
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C. Case 1 1 1 - Zero Pcwver I nstability 

To ftirther investigate chamber stability » the following test sequence 
was devised: 

a) The coolant exit temperature T^ was set slightly below the 
buffer inlet temperature T^^ to produce a uidfbrm, stable configuration. 

b) The coolant temperature was then allowed to rise slowly so that 
an unstable flow condition at zero power would be approached, while 

c) The temperature and flow conditions were monitored to provide 
information on the mechanism of flow disruption. 

Figure 30 shows a uniform stable flow situation despite the adverse 
wall temperature gradients and the essentially neutral center plane grad- 
ients shown in Table 13. 

Figiure 31 shows two disturbance patterns forming near the top of 
the chamber with up-flow (separation) being initiated at the upper left 
(chamber) side wall. Figure 32 shows the flow situation 1 min later with 
the up-flow moving into the top of the chamber. The temperatures asso- 
ciated with this config^ation are given in Table 14. The disturbances 
appear in the region of the chamber where adverse axial temperatiire 
gradients exist, although sizeable adverse lateral gradients are probably 
there also (not shown due to inadequate thermistor coverage) , as 
indicated by ATg_g and AT^ g. 

Figure 33 shows well-developed circulations in the chamber with 
only stream c flowing directly through the chamber. Circtilation pairs 
which rotate in opposite directions are seen to be located on each side 
of stream c near the middle of the chamber. Table 15 shows the rather 
large adverse lateral gradients which are probably responsible for these 
observed circulations. 

Figure 34 shows a final state of apparently chaotic flow; however, 
careful observation will reveal two large circulation patterns on each side 
of the chamber while the streams from ports d and e execute a tortuous 
route through the chamber. Table 16 shows the temperatures associated 
with Figure 34. Note the large lateral temperature gradients associated 
with this flow which are apparently resporsible for the two large circu- 
lation patterns which extend nearly the length of the chamber. The 
small adverse axial gradients associated with this flow tend to support 
this supposition. Further tests, using many more thermistors in the 
chamber, are needed to determine the exact relation between these types 
of gradients. 




Figure 30. Zero power flow with adverse axial gradient. 
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rigure 31. Initiation of How 
disturbance at zero pouor. 
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Figure 33. Devt-lopmcnt of eircul.-ilions jil zei*o power. 
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V. COMPARISON WITH THEORY 


One of the main reasons for carrying out the described experi- 
ments was to support theoretical work done by D. A. Seville [3]. Seville 
characterized buoyancy-induced disturbances as being superimposed on 
a symmetric base flow. The disturbance flov' 0 and temperature § were 
obtained from the perturbation Navier-Stokes and energy equations which 
are, respectively, 


g| 5 * . 0 


( 1 ) 




( 2 ) 


where the dimensionless parameters are given in the Appendix. Combin- 
ing the preceding equations gives 


V u = Ra u 


^ - 19 '' 

0 = Ra 7 u 


The solutions to these equations can be written 


u = u^ + U 2 


where 


and 


,2 

7 u, = A u, 


r ,2 ,2 

V Ug = -X U2 . 


(3) 


The general solutions to equation (3) are 
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Uj = sin qz(Aj sinh Y^y + BjCosh y^y) 

+ cos qz(A 2 Sinn y^y + B^cosh y^y) 

U 2 = sin qsiCAg sinh y^y + B^cosh Y 2 Y) (4) 

+ cos qz(A^ sinh y^y + B^cosh Y 2 y) 

where 

2 2^,2 , 2 2,2 

Yj = q + X and Y 2 = q - X 


The constants are determined by satisfying the no-slip conditions 
on the chamber walls. The solutions will be either antisymmetric or 
symmetric with respect to the x-y plane. 

Seville found that the antisymmetric mode with the lov;est critical 
Rayleigh number corresponds to the velocity field of 


Uj = A(x) sin ^ cos ^ 


(5) 


with the critical Rayleigh number of 


««c 



(I + 4H'^^ 


( 6 ) 


where H ip the ratio of chamber width to thickness. The preceding 

solution is n»!tisymmetric with upflow on one side and downflow on the 

Other. For the chamber tested, Ra^ = 6.57. 

c 

Several of the test runs have Rayleigh numbers near the preceding 
value. Consider the results of Table ^ and the flow shown in Figure 22. 
There appears to be a retardation of flow on the left side of the chamber 
a condition characteristic of the antisymmetric mode of equation (5). 

The symmetric base flow can be expressed, according to Saville, 
by 


34 


u(y,z) = 
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If we assume A (1.02) = 2 and superimpose equation (5) on the symmetric 
base flow, we obtain the vtiodty distribution given in Figure 35. Here 
A (1.02) is an arbitrary amplitude of the antisymmetric mode ut x = 1.02, 
so that relative amplitudes of disturbance flow to base flow are: 


A(1.02) _ 2.0 
u(0,0) “ 1.6 
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It is very interesting to note that the velocity distribution at thermistor 
4 in Figure 22 shows this exact velocity distribution. In particular, 
note the downflow at the left side wall, the diffused conditions of 
streams b and c at the left center and right center of the chamber, and 
the region of high downflow on the right. Figxire 35 shows the downflow 
on the extreme left, a region of high shear at the center, and high 
downflow on the right. 

Note also a similar region of flow perturbation at thermistor 2 in 
Figiure 22. This disturbance is caused by the adverse temperature 
gradient between thermistors 1 and 2. The gradient is not sufficient, 
however, to cause backflow, but does cause the deflection of stream b 
due to the retarded flow on the left side of the chamber — in agreement 
with the conditions predicted by equation (5). 

That the previously discussed velocity redistribution in the 
chamber does produce the observed deflection has been shown experi- 
mentally in Figure 14. Here the velocity profile was modified by induc- 
ing a fluid leak which produces the same type of velocity field as shown 
in Figure 22 and as depicted by equation (5). 

A very explicit example of the previous antisymmetric disturbance 
is shown in Figure 27. These flows can be described by superposition 
of equation (5) on the symmetric base flow. The flow patterns are on 
opposite sides of the chamber and are caused by the adverse tempera- 
ture gradients indicated in Table 10. They are separated by a region 
of stable flow between thermistors 2 and 3 which is verified by VT 

in Table 10. Indeed, the presence of the essentially neutral gradient 
VT 2_2 allows these patterns to be formed next to each other. 


Figure 25 shows stream a in a region of downflow near the left 
side w 11 at z = -9, while the maximum downflow on the left in Figure 35 
occurs at z = -8.5. Streams b and c are in a region of high shear, 
as also depicted by the velocity distribution of Figure 35. Streams d 
and e, conversely, are in a region (z - 7 to 10) of high downflow, again 
in agreement with the velocity distribution of Figure 35. 

Flow disturbances produced by adverse lateral gradients (as in 
Figure 29) produce up flow at the wall. Therefore, it is obvious from 
the flows observed that localized heating on the side walls is respem- 
sible for these disturbances. 

The flows generated in the zero power runs (Figs. 31 through 34) 
are the result of localized adverse gradients but arc too unstable to be 
il’rectly linked to the particular disturbance modes given previously. 

The Rayleigh numbers (Tables 15 and 16), however, are in agreement 
with the critical values predicted by the theory, while the initial dis- 
turbance patterns shown in Figure 31 appear to be due to adverse lateral 
gradients as indicated by Table 14. 
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VI. CONCLUSIONS 


Disturbances to the symmetric base flow beg^n when local adverse 
axial temperature gradients are formed in the chamber. The effect of 
these gradients is to retard or increase local flow velocities at different 
positions in the chamber cross section, which results in lateral secondary 
flows being induced in the chamber. These secondary flows exhibit 
themselves as deflections and/or distortions of the sample streams. As 
the adverse axial gradients increase in magnitude and the critical Rayleigh 
number is approached, reverse flow is apparent, which subsequently 
leads to the onset of unstable flow. 

Other, similar disturbances occur at the chamber side walls as the 
result of adverse lateral temperature gpradients. Indeed, the criteria 
which determine whether a disturbance is produced by a lateral gradient 
o? an axial gradient appear to be the flow conditions observed along the 
chamber side walls. If we consider an adverse lateral gradient and 
compare the local temperature along a level (i.e. , in the x-z plane) to 
the average temperature in the level, then we would expect to see upward 
induced buoyancy flows next to the wall. 

Preliminary tests on the phase II chamber indicate that upflow of 
the buffer may be desirable from heat exchanger considerations. It was 
observed that co-flow of the buffer and coolant gave a much 1; :^er 
favorable axial gradient than that associated with counter flow cooling. 

Also, the CO- flow (upflow of the buffer) config^ation did not show the 
development of an adverse axial gradient in the vicinity of thermistor 4 
as in the case of counterflow cooling (downflow of the buffer); however, 
an adverse axial gradient did develop at the top of the chamber, as 
would be expected. 

Further tests are planned to (1) develop fully the temperature and 
velocity fields, (2) operate the chamber r* different orientations of the 
gravity vector, and (3) complete the upflow experiments. 

Qualitatively, the reduction in stable gpradients, both axial and 
lateral, signals the degradation of the uniform base flow which is vital to 
the electrophoresis process. Also, it is consistent throughout the results 
that the presence of adverse gradients indicates that the flow has been 
seriously degraded with larg^ deflections and/or circulations. 
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APPEND..V 


The dimensionless parameters given in the tables are calculated 
using the following expressions: 


V 


Or = £8-^ 

V 


H. > £ 1 .^ 

va 


where V is the average throughput velocity; d is the chaniber half 
thickness; v is the fluid viscosity evaluated at the chamber average 
temperature; 3 is the coefficient of thermal expansion evaluated at the 
chamber average temperature; AT is the maximum transverse AT along 
the chamber center line; A is the maximum adverse axial gradient in 
the chambe’*; and a is the thermal diffusivity evaluated at the chamber 
average temperature. 

Tables 1 through 16 give the thermistor temperatures at positions 
1 through 9. The temperatures ai’e recorded both at the wall and at the 
center plane of the chamber, with the transverse temperatures being the 
difference between these values. The lateral gradients are taken between 
spans 3-8, 3-6, 5-7, and 5-9, while the axial gradients are 1-2, 2-3, 

3-4, and 4-5. Positive values are favorable gradients, while negative 
values are adverse gradients. T^ is the buffer inlet temperature, while 

T2 and Tj are the coolant entrance and exit temperatures, respectively. 
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